Thermoelectric properties of epitaxially grown SiGe based thin films prepared by ion beam sputtering technique were investigated. Although carrier concentration was considered to be the highest in B doped SiGe sample, it showed the highest thermoelectric power of $1 mVK À1 corresponding to the three times larger value than bulk SiGe. On the other hand, the electrical resistivity decreased by increasing the growth temperature due to the impurity activation and crystallization. As a result, SiGeB epitaxial films prepared at growth temperatures of more than 773 K showed twice larger power factor than bulk SiGe at 300 K. Moreover, the thermoelectric power was found to decrease and resistivity to increase in the polycrystalline phase, concluding that the improvement of thermoelectric performances was achieved by introducing the epitaxially grown phase.
Introduction
Thermoelectric energy conversion technologies, which enable the electrical power generation from the waste heat, are attracting attentions because of the direct conversion, silent operation and low environmental load. For the practical use, roughly ZT (ZT ¼ 2 À1 T À1 , where Z, T, , and are the figure of merit, absolute temperature, thermoelectric power, electrical resistivity and thermal conductivity, respectively) > 1 is required. This value corresponds to the energy conversion efficiency of about 10%.
Recently, thermoelectric materials with low dimensional structure such as superlattice and nanowires are investigated in order to improve the thermoelectric performances. [1] [2] [3] [4] SiGe has been known as a thermoelectric material with high thermoelectric performances in a high temperature region (900 K$). Higher performances are theoretically expected to introduce the superlattice structure into the bulk state SiGe. 5, 6) In fact, some researchers reported that Si/Ge superlattice would have high thermoelectric performance experimentally. 7, 8) Also, nanostructured materials have been investigated for the improvement of the thermoelectric performances. 2, 9) In those studies, some researchers reported on the thermoelectric properties of thin films with multilayer structures, however, there is no indication on crystallographic classification. For almost all the reported samples, nonepitaxial phase is used. Thus, epitaxially grown case is worth investigating.
On the other hand, in our previous study, we demonstrated that Si/GeB multilayer thin films showed high thermoelectric performances at room temperature (RT), which were found to explain by the carrier confinement effect in the epitaxially grown phase of the multilayer thin films. 10, 11) While for the case of polycrystalline phase, the performances were deteriorated. This result suggests that the crystallinity of the materials plays an important role in the thermoelectric phenomena. For example, Okamoto et al. showed that anomalously high thermoelectric properties in Au doped SiGe thin films were found in amorphous phase. 12) Furthermore, heavily doped p-type porous silicon is reported to show five times larger figure of merit than bulk silicon. 13) Also, boron doped nanocrystalline Si 0:8 Ge 0:2 thin film (measured average boron concentration is 4:3 Â 10 19 cm À3 ) showed higher thermoelectric power than non-doped Si 0:75 Ge 0:25 microcrystalline film, in spite that usually thermoelectric power decreases with the increase of carrier concentration. 14) Moreover, single crystalline Si nanowire is reported to show greater figure of merit comparing with bulk Si.
2) Thus, thermoelectric properties are possibly improved by changing the crystallinity or crystalline size of materials. Considering epitaxially grown thin films, electrical resistivity will decrease, which improves the thermoelectric properties because there is less carrier scattering by the grain boundaries resulting in the no degradation of mobility by those.
In this study, 4 kinds of thin films, Si, Ge, non-doped SiGe and 10 at% B doped SiGe (SiGeB), were prepared and the thermoelectric properties of films were investigated. Simultaneously, polycrystalline SiGeB was prepared and comparison of thermoelectric properties between epitaxially phase and polycrystalline one was made.
Experiments
Si, Ge, non-doped Si 0:75 Ge 0:25 and 10 at% B doped Si 0:75 Ge 0:25 thin films were prepared using ion-beam sputtering instrument and the details were shown elsewhere. 10) An Ar ion beam current of 30 mA and acceleration voltage of 500 V was generated by Kaufmann ion source. The film growth chamber was evacuated to less than 1:3 Â 10 À5 Pa. Ar gas pressure in the chamber was kept around 2:6 Â 10 À2 Pa. Thin films were prepared on the Si on insulator (SOI) substrates (active Si layer: 400 nm, ¼ 20 cm) by sputtering Si, Ge, SiGe (Si: 75 at%, Ge: 25 at%) and SiGeB (Si: 67.5 at%, Ge: 22.5 at%, B: 10 at%) targets, respectively. The growth temperatures were changed from RT to 873 K. The film deposition time was set at 7, 8, 12 and 15 min in the deposition of Si, Ge, SiGe and SiGeB, respectively so as to have the same film thickness. The film thicknesses of Si, Ge and SiGe were about 100 nm, however that of SiGeB was about 70 nm. This may be because the atomic mass of B is much smaller than Ar, the sputtering gas, so that B acts as a cushion. The compositions of Si and Ge in SiGe and SiGeB films were measured by electron probe microanalysis method (EPMA) and the compositions were confirmed to be equal to the targets, respectively. SOI (100) wafers were used for the substrates so as to ignore the electric conduction of the substrate and were treated using RCA cleaning to remove the contaminations. 15) Finally wafers were dipped in aqueous 1% HF solution to remove native oxide. Just before the deposition, the substrate was heated at 773 K for 5 min to remove the Si surface hydrogen termination formed by a HF dip treatment. If we omit this process, epitaxial growth have not taken place at any substrate temperature lower than 723 K. Also, oxidized Si wafers were used for the preparation of the polycrystalline SiGeB and were treated using organic cleaning. The edge of substrates was partially covered by another SiO 2 wafer chip by the face to face manner in order to produce a step of film after removing the cover.
A surface profilemeter (Dektak 3 ST) was used for measuring the height of the step, that is the thickness of deposited films. The film crystallinity was characterized by X-ray diffraction (XRD) analysis and reflection high energy electron diffraction method (RHEED). Thermoelectric properties were evaluated in the parallel direction to films. First, electrical resistivity was measured at RT by the four point-probe method. Second, thermoelectric power was measured at 323 K in helium atmosphere using a ZEM-2 system (ULVAC-RIKO). Details are shown previously.
10)

Results and Discussions
XRD patterns of the Ge, SiGe and SiGeB films are shown in Fig. 1(a), (b) , (c), respectively. The strong diffraction peak at 69.2 originates from Si substrate. As a reference, expected peak positions of the diffraction peak of crystalline (400) Ge and SiGe are shown by vertical dashed lines. Ge samples prepared at temperatures higher than 573 K are found to show a diffraction peak, however no peak is observed at lower temperatures than that as shown in Fig. 1(a) , indicating that Ge is amorphous below 523 K, and crystalline growth seems to start at around 573 K. The peak position shifts toward Ge (400) side with increasing the growth temperature, indicating that the crystalline lattice with compressive stress is relaxing.
For the sample grown at 873 K, two peaks look like piling. Deposited Ge reacts with substrate Si, then SiGe alloy may be produced. Crystalline SiGe and SiGeB are seen to be started to grow at temperatures exceeding 723 and 673 K respectively, since the diffraction peaks appear at those temperatures as shown in Fig. 1(b) , (c), respectively. For SiGe film ( Fig. 1(b) ), the peak position shift from the ideal SiGe (shown by the dashed line) is considered to indicate that the crystalline phase has a compressive stress. Also, for SiGeB film (Fig. 1(c) ), a slight shift of the SiGe peak from the ideal to the high angle side is observed, which means the shrink of the SiGeB lattice. The radius of the B atom is smaller than Ge or Si, so that when B atoms are incorporated in the crystalline, the lattice would shrink. As for the case of Si thin films, the epitaxial growth was observed at the temperature exceeding 673 K by means of RHEED observation. As a matter of course, Si thin films are considered to have no stress in the crystalline phase since the lattice constant is same as the substrate as far as in this evaluation. Figure 2 shows the RHEED images of the SiGeB thin films prepared on SOI and SiO 2 substrates at 873 K. Spot patterns are observed for the sample prepared on SOI as shown in Fig. 2(a) , indicating that the sample has the epitaxial crystalline phase. On the other hand, ring patterns are observed as shown in Fig. 2(b) for the SiO 2 sample, indicating the polycrystalline phase. Figure 3 summarizes the thermoelectric properties of the samples prepared on SOI and SiO 2 substrates as a function of the growth temperature [(a) thermoelectric power , (b) electrical resistivity , (c) power factor PF ¼ 2 =]. P-type thermoelectric property is shown by the closed symbol and the n-type open, respectively.
In Fig. 3(a) , Si and SiGe show n-type , while Ge and SiGeB show p-type . This would be caused by the residual impurities in the targets. Because the targets were prepared by the thermal compression method, impurities diffuse easily into the target. Otherwise, crystalline defect would produce donor state. Thus, films would show n-type. Si, Ge and nondoped SiGe show similar values as reference one (the bulk values), respectively. The values are found to become constant after the crystalline growth started except for SiGe. The thermoelectric power is generally known to decrease with increasing the carrier concentration. While, SiGeB shows obviously higher thermoelectric power than that of non-doped SiGe and bulk SiGe ($300 mV K À1 ) in spite of containing a lot of carrier. 14) Interestingly, these values are comparable to that of Si/GeB and Si/SiGe quantum well (QW) films. 10, 16) This high thermoelectric power is considered to relate to the crystalline phase, so that single and poly crystalline were examined on SiGeB films. The of the SiGeB prepared on SOI and SiO 2 substrates are also shown in Fig. 3(a) . of SiGeB/SiO 2 shows one tenth of SiGeB/SOI and is almost the same with bulk SiGe. Therefore, the origin for the high thermoelectric power for SiGeB/SOI is concluded to originate from the epitaxial crystalline phase.
In Fig. 3(b) , non-doped SiGe shows the largest resistivity at temperatures exceeding 623 K. This would be because the carrier mobility of SiGe is smaller than Si and Ge due to the alloy scattering. 17) As for the Si and SiGe, resistivity shows constant around 673 K and increases with increasing growth temperature exceeding 773 K. This tendency is different from the general semiconductor behavior. This tendency is considered to be caused by the decrease of the carrier concentration, since the carriers are generated by the crystalline defects below 723 K, on the other hand, disappear by the crystallization. As for the case of Ge and SiGeB, resistivity tends to decrease with increasing the growth temperature. The carrier concentration is considered to increase due to the impurity activation and/or the carrier mobility enhancement because of the improvement of the crystallinity. On the other hand, SiGeB prepared on SiO 2 shows about 3 times larger resistivity than SiGeB on SOI. This would be because polycrystalline grain boundary scattered and/or killed the carriers in the films of SiGeB on SiO 2 , then the mobility and/or carrier concentration were decreased.
In Fig. 3(c) , SiGeB prepared on SOI at 773 K and 873 K shows the highest PF $ 7 Â 10 À3 W m À1 K À2 , which are more than twice larger value than the reported in bulk SiGe ($ 3 Â 10 À3 W m À1 K À2 ) and comparable to Si/GeB multilayer thin films. 10, 11) This is due to both the higher thermoelectric power than bulk SiGe and the smaller resistivity. Using thermal conductivity of bulk SiGe ($ 7 W m À1 K À1 ), non-dimensional figure of merit, ZT, of 0.30 at 300 K is calculated. Moreover, this kind of heavily doping may reduce the thermal conductivity, so that further high ZT will be realized.
Conclusions
We prepared epitaxial Si, Ge, non-doped SiGe and SiGeB thin films on SOI and investigated the thermoelectric properties of the films. As a result, SiGeB thin films show the highest thermoelectric power corresponding to the three times larger value than bulk SiGe and the lowest resistivity. Moreover, the higher power factor of twice larger value than bulk SiGe was achieved. SiGeB thin films prepared on SiO 2 with polycrystalline phase show lower power factor due to the influences of grain boundary. The epitaxial SiGe crystalline phase concludes to be useful for realizing a high power factor as well as a high ZT.
